Results: There was a high prevalence of vitamin D deficiency (42%) and insufficiency (34%). Patients with 25D < 16.7 ng/ml (median) had a significantly lower survival rate than patients with 25D >16.7 ng/ml (mean follow-up, 605 ؎ 217 d; range, 10 to 889; P ‫؍‬ 0.05). Multivariate adjustments (included age, gender, diabetes, arterial pressure, CKD stage, phosphate, albumin, hemoglobin, aortic calcification score and PWV) confirmed 25D level as an independent predictor of all-cause mortality.
V itamin D deficiency and insufficiency (characterized by 25-hydroxyvitamin D [25D] levels Ͻ15 ng/ml and between 16 and 30 ng/ml, respectively) are relatively common in the general population of non-intertropical countries and especially common in chronic kidney disease (CKD) patients (1) . The kidney and certain vascular, immune, and gastrointestinal cells that express 1␣-hydroxylase convert 25D to 1,25-dihydroxyvitamin D (1,25D, the active biologic form), which binds to the vitamin D receptor (VDR) and regulates gene transcription (2) . There is much evidence to suggest that in addition to vitamin D's well-known actions on bone and mineral metabolism, it may also have pleiotropic effects on the immune and cardiovascular systems (3) . It has been demonstrated that 1,25D suppresses the renin-angiotensin system and decreases cardiac myocyte hypertrophy (4) . In addition, 1,25D's immunomodulatory and antiproliferative effects may decrease the risk of cancer (5) . It has recently been reported that 25D is also capable of activating the VDR directly, albeit with 100-fold lower affinity, but compensated for by its 1,000-fold higher serum concentration when compared with 1,25D (6) . Thus, low 25D levels may have a negative impact on various system functions via two mechanisms: (1) lower substrate availability for 1,25D production and (2) reduced VDR activation. Accordingly, low 25D levels have been linked to chronic heart disease (7), hypertension (8) , and a higher incidence of cancer (9) . Taken as a whole, these observations prompted a hypothesis whereby vitamin D deficiency could influence overall survival. Indeed, recent studies have repeatedly reported an association between higher mortality and low levels of 25D and (less consistently) 1,25D in both general and CKD populations (10 -14) .
CKD is associated with a high mortality rate, mainly as a result of cardiovascular disease (15) . Vascular calcification and arterial stiffness are highly prevalent in this population and may play a pivotal role in the high cardiovascular mortality rate (16) . Furthermore, CKD progression exposes patients to a particular risk of developing both 25D and 1,25D deficiencies (17, 18) . In animal models, exogenous administration of supraphysiological doses of VDR activators has been associated with both the incidence and progression of vascular calcification (19, 20) , whereas the administration of VDR activators at more physiologic doses (i.e., just enough to correct secondary hyperparathyroidism) protect against aortic calcification (21) . In a CKD setting, a recent study in adult hemodialysis patients described an association between 25D deficiency and arterial stiffness (13) , whereas dialyzed children showed a bimodal association between 1,25D levels and vascular calcification and stiffness (22) .
We therefore decided to determine the prevalence of vitamin D deficiency and insufficiency in a cohort of adult patients at different stages of CKD. Moreover, we investigated the relationships between vitamin D serum levels, vascular calcification and stiffness, and the risk of mortality in this population.
Materials and Methods

Patient Selection
Over an 18-mo period (from January 2006 to June 2007), a total of 140 Caucasian CKD patients were recruited from the nephrology department's outpatient clinic at Amiens University Hospital. All patients gave their informed, written consent. The study was approved by the local Institutional Review Board and was performed in accordance with the ethical principles of the Declaration of Helsinki.
Included patients had to be over the age of 40, with a confirmed diagnosis of CKD (defined as being on hemodialysis or having two previous, estimated creatinine clearances-calculated according to the Cockcroft and Gault formula [23] -with an interval of 3 to 6 mo and values Ͻ90 ml/min/1.73 m 2 ). CKD stage 5D patients had been receiving thrice-weekly hemodialysis for at least 3 mo. Exclusion criteria included the presence of chronic inflammatory disease, atrial fibrillation, complete heart block, abdominal aorta aneurysm, aortic and/or femoral artery prosthesis, primary hyperparathyroidism, kidney transplantation, and any acute cardiovascular event in the 3 mo before screening for inclusion.
Study Protocol
All patients were hospitalized for the day for laboratory blood tests, blood pressure (BP) measurement, a pulse wave velocity (PWV) determination, lateral lumbar x-ray, and multislice spiral CT scanning. For a given patient, all examinations were performed between 9:00 a.m. and 2:00 p.m. on the same day. Hemodialysis patients were preferentially seen on a dialysis-free day or the morning before the dialysis session. A patient interview focused on comorbidities and the personal disease history. The patients' medical charts were reviewed to record concomitant medications.
Laboratory
Blood samples were collected the morning before the other investigations. Selected variables were measured after the samples had been frozen and stored at Ϫ80°C. Serum calcium, phosphate, albumin, cholesterol, hemoglobin, creatinine (Scr), and C-reactive protein were analyzed in an on-site biochemistry laboratory using standard auto-analyzer techniques (Roche Diagnostics Modular IIP). Serum intact parathyroid hormone (iPTH 1 to 84) and 25D levels were determined using chemiluminometric immunoassays ( 
PWV Evaluation
Carotid-femoral PWV was determined automatically with a dedicated, validated device (Complior Colson; Createch Industrie, May, France), as described previously (26) . PWV was evaluated by a trained physician with two pressure probes as formerly reported (27) .
Abdominal Aorta Imaging with Plain Radiography
A technique similar to that described by Kauppila et al. was used to obtain images of the lower abdominal aorta and generate the aortic calcification score (28) . All x-rays were reviewed by two investigators, and a consensus on the interpretation was reached in all cases.
Multislice Spiral CT Scan
All examinations were performed with a 64-detector CT scanner (Lightspeed VCT; GE Healthcare, Milwaukee, WI). The volume acquisition started at the aortic hiatus of the diaphragm and ended at the third lumbar vertebra. The scanning parameters were as follows: collimation, 64 ϫ 0.625 mm; slice thickness, 0.625 mm; pitch, 1; gantry rotation speed, 0.5 s/rotation; tube voltage, 120 kV; tube current, 300 mA.
The volume acquisition was analyzed with commercially available software (Volume Viewer software, GE Healthcare). The abdominal aorta was segmented manually. To reduce errors caused by noise, a threshold of 160 UH was applied. The total calcification volume was calculated as the sum of all voxels in the remaining volume. The aortic calcification score was calculated as follows: [(total calcification volume) Ϭ (aorta wall surface area) ϫ 100)].
Survival
Death records were made prospectively, considering all patients that were included at least 1 yr before the study end date (June 30, 2008) . Each medical chart was reviewed, and the cause of death was assigned by a physician on the basis of all of the available clinical information. For out-of-hospital deaths, the patient's general practitioner was interviewed to gain pertinent information on the cause.
Statistical Analyses
Data are expressed as mean Ϯ SD, median and range, or frequencies, as appropriate. For analytical purposes, patients were divided in two groups according to the median 25D level (i.e., 25D Յ 16.7 ng/ml versus 25D Ͼ 16.7 ng/ml). Intergroup comparisons were performed using a 2 test for categorical variables and Student's t-test or a Mann-Whitney test for continuous variables. Pearson's correlation coefficient or Spearman's rank correlation were used to assess the relationships between 25D levels and multiple variables. A Kaplan-Meier actuarial method was used to estimate overall survival in the 25D groups. The log-rank test was used to compare the survival curves. Univariate and multivariate analyses of mortality were performed by using a Cox proportional hazards model of death as a function of 25D levels. In the multivariate analysis, the predefined, noncumulative models included those variables significantly associated with death in univariate analyses and those variables of prognostic importance according to published observations. The limited number of events (n ϭ 25) prevented us from including more than three variables for each model. A P value of Յ 0.05 was considered to be statistically significant. All statistical analyses were performed using SAS software 9.1 (SAS Institute Inc., Cary, NC). Table 1 shows the demographic, clinical and biochemical characteristics of the 140 analyzed patients.
Results
In terms of serum 25D levels, 76% of the patients display either vitamin D deficiency (42%) or insufficiency (34%). Figure  1 illustrates the distribution of 25D and 1,25D serum levels by CKD stage. Serum 25D levels were similar for all CKD stages, and serum 1,25D levels were significantly lower in stage 5D patients (P ϭ 0.035). At enrolment, 36% of the patients were receiving vitamin D3 supplementation (either calcifediol [median dose, 14 g/d; range, 5 to 32 g/d] or cholecalciferol [median dose, 400 IU/d; range, 250 to 800 IU/d]), whereas only one individual was taking active vitamin D (␣-calcidol) and bisphosphonate. When comparing patients grouped by study entry date (to evaluate for a possible seasonal bias), we did not find any significant difference in 25D levels between patients who entered during the summer/spring (n ϭ 67) and those who entered during the autumn/winter (n ϭ 73) (19.7 Ϯ 12.3 versus 21.3 Ϯ 14.8 ng/mL, respectively; P ϭ 0.669). Moreover, there was no difference between these two seasonal groups in terms of the proportion of patients taking vitamin D3 supplementation (36% for summer/spring and 35% for autumn/winter; P ϭ 0.845).
When comparing patients divided by the 25D median (25D Յ 16.7 ng/ml versus 25D Ͼ 16.7 ng/ml), we found only that patients with 25D Յ 16.7 ng/ml presented significantly lower levels of serum albumin and were less likely to receive vitamin D supplements than patients with 25D Ͼ 16.7 ng/ml. Data are means Ϯ SD and sometimes (median) for variables with non-Gaussian distribution, or number (frequency) for binary variables. BP, blood pressure; DBP, diastolic blood pressure; CVD, cardiovascular disease; CKD, chronic kidney disease; iPTH, intact-parathyroid hormone; CT, computed tomography; PWV, pulse wave velocity. a n ϭ 129; b n ϭ122; c by lateral lumbar x-rays, as previously described. Table 2 describes the correlations between 25D serum levels and several variables. The only significant linear correlation was between 25D serum levels and albumin.
During the study period (mean follow-up period, 605 Ϯ 217 d; median, 591; range, 10 to 889), 25 patients died (18 from cardiovascular causes, 5 from infectious diseases, and 2 from other causes). In the crude analysis (Figure 2) , a 25D level of Յ16.7 ng/ml was a predictor of death (P ϭ 0.05). Age (relative risk [RR] ϭ 1.06; 95% CI, 1.02 to 1.10), CKD stage 5D (RR ϭ 4.6; 95% CI, 1.98 to 10.66), smoking status (RR ϭ 2.23; 95% CI, 1.03 to 5.25), albumin (RR ϭ 0.94; 95% CI, 0.89 to 1.0), hemoglobin (RR ϭ 0.68; 95% CI, 0.54 to 0.87), aortic calcification score on CT (RR ϭ 1.3; 95% CI, 1.16 to 1.44), and aortic calcification score on an x-ray (RR ϭ 1.1; 95% CI, 1.02 to 1.13) were also associated with the risk of death in a univariate Cox regression. There was no association between 1,25D levels and mortality in the study population. Table 3 shows the predictive power of 25D for death when unadjusted or adjusted for multiple covariates. Lower serum 25D levels still had a significant effect on the risk of death after adjustment for age; gender; diabetes; smoking status; systolic and diastolic BP values; CKD stages; vitamin D supplementation; aortic calcification; PWV; and serum albumin, hemoglobin, and phosphate levels.
Discussion
The present study revealed a high prevalence of 25D deficiency and insufficiency in a cohort of patients with CKD. Most important, there was a significant relationship between low 25D levels and mortality, even after adjustment for age, gender, the presence of diabetes, smoking status, BP, CKD stage, serum albumin, hemoglobin, PWV, and aortic calcification. CKD patients are at particular risk of 25D deficiency because of a range of factors that do not directly depend on renal function; these include reduced sun exposure, impaired production of the 25D precursor molecule, and reduced dietary intake (29) . The present study evidenced a positive correlation between 25D and albumin levels, in accordance with previous observations (30 -32) . Reduced albumin levels are frequently related to malnutrition, because the latter also lowers levels of vitamin D binding protein (VBP) (6) . Because vitamin D metabolites have low aqueous solubility and are mainly bound to plasma proteins (essentially VBP), low plasma protein levels could have contributed to the low observed 25D levels. However, the fact that we did not evaluate proteinuria prevents us from drawing further conclusions in this respect. In contrast to 25D, circulating levels of 1,25D chiefly depend on the ability of renal 1-␣ hydroxylase to convert 25D into 1,25D. This ability is decreased by (1) a reduction in the nephron mass, and (2) the hyperphosphatemia-induced increase in levels of the phosphaturic hormone FGF-23, which both inhibits the production of 1,25D and increases its degradation (33) . Thus, as renal failure progresses and renal production of 1,25D decreases, 25D availability may constitute a rate-limiting step in the production of 1,25D by nonrenal tissues, where it may act either in autocrine or paracrine pathways (6) . In accordance with other recently reported data (34), 25D deficiency was a better predictor of death than 1,25D in our cohort of CKD patients. The observed lack of a relationship between 1,25D levels and mortality in the study population may be due to the fact that most patients presented very low levels of 1,25D, and could have attenuated a potential risk. These low levels of 1,25D might result (at least in part) from the very low concentrations of 25 D (i.e., the 1,25D precursor) observed in these patients. Nevertheless, this observation may most likely reflect 25D's advantageous characteristics as a biomarker (a more reproducible assay and a longer half-life) when compared with 1,25D, thus enabling more accurate measurement of exposure over time (6) . In addition, it is possible that in CKD patients with markedly deficient renal production of 1,25D, the maintenance of adequate reserves of 25D may be especially important in maintaining VDR activation in cells that rely on autocrine pathways; this is the case for cultured human vascular smooth muscle cells (which have been shown to express functional 1-␣ hydroxylase [35] ) and cultured human endothelial cells (in which the expression of the mRNA and protein for 1-␣ hydroxylase have been demonstrated [36] ). It should be noted that the 25D assay used in the present study measures both ergocalciferol (D 2 ) and cholecalciferol (D 3 ). Hence, the observed high prevalence of vitamin D deficiency is unlikely to result from methodological limitations of the assay used here.
In addition, our current data did not show any association between 25D levels and aortic calcification or stiffness. In this regard, Shroff et al. have recently reported a bimodal association between vascular calcification and 1,25D levels in dialyzed children, but no association between 25D levels and the vascular measurements (22) . London et al. observed that in adult hemodialysis patients, 1,25D and 25D levels were negatively correlated with aortic stiffness but not with vascular calcification (13) . Our findings seem to suggest that 25D's effect on cardiovascular mortality may be independent of vascular calcification and stiffness. Hence, other negative effects of vitamin D deficiency on the cardiovascular system may be involved. It has been previously reported that left ventricular hypertrophy in hemodialysis patients is associated with lower survival (37) . Interestingly, there is also experimental evidence that VDR gene deletion may induce myocardial hypertrophy and fibrosis (38) . The absence of vitamin D-mediated signal transduction and genomic activation reportedly results in cardiomyocyte overstimulation and increased contractility, which ultimately lead to cardiomyocyte hypertrophy (39, 40) . In fact, low serum 1,25D concentrations have been implicated in poorer clinical outcomes for end-stage chronic heart failure patients (41) . Furthermore, low levels of 25D have been associated with heart failure and sudden cardiac death in the general population (40, 42 GF, goodness-of-fit; DM, diabetes mellitus; CT, computed tomography; PWV, pulse wave velocity. a RR (95% CI); relative risk (95% confidence interval), summarizing the risk of a 10 ng/ml increase in the 25-hydroxyvitamin D levels for each noncumulative Cox regression model (unadjusted and then adjusted for the described variables). association between low 25D levels and left ventricular dilation (43) . One must bear in mind that the active form of vitamin D (1,25D) has been shown to operate as a negative hormonal regulator of the renin-angiotensin system, which plays an important role in the cardiovascular system by modulating BP and heart mass (4). In line with these observations, the administration of a VDR activator has been shown to attenuate left ventricular abnormalities in Dahl salt-sensitive rats exposed to a high-salt diet (44) . Thus, our findings further corroborate the notion that vitamin D deficiency may affect cardiovascular system and mortality via several pathways other than an increase in vascular calcification or stiffness. Unfortunately, the fact that an echocardiographic evaluation was not performed in the present study prevented us from drawing further conclusions.
It is noteworthy that 28% of the deaths observed in our CKD cohort were attributed to noncardiovascular causes. Indeed, 25D deficiency in the general population has been also associated with higher mortality from noncardiovascular causes (namely colon, prostate, and breast cancer [45] ) and augmented susceptibility to aggressive forms of specific infectious diseases (such as tuberculosis [46] ). In line with these findings, observational studies in the general population have found that taking ordinary doses of vitamin D supplements is associated with a decrease in all-cause mortality (47) . Moreover, two different cohort studies on hemodialysis patients demonstrated that oral (48) or injectable (49) doses of VDR activators increased overall survival. Unfortunately, in these latter studies, 25D status was not determined, but it was probably deficient in the North American cohort (49) .
The present study's limitations include a relatively small cohort and limited follow-up, which may have affected the study power. Second, the conclusions may not apply to nonCaucasian populations living at different latitudes. In contrast, strong points include our assessment of vitamin D deficiency in patients with variable degrees of renal dysfunction, together with evaluation of important surrogate markers of cardiovascular health (namely, vascular calcification and PWV).
Our present findings are in line with recently published data that suggest (1) a high prevalence of 25D deficiency in CKD patients and (2) an association between 25D deficiency and mortality in the same population. Importantly, the effect of low 25D on mortality appeared to be independent of vascular calcification and stiffness, suggesting that 25D may influence survival in CKD patients via additional pathways that need to be further explored. The results highlight the imperative need for randomized clinical trials that evaluate the effects of vitamin D supplementation on mortality in CKD patients.
